The responses of pepper (Capsicum annuum) plants to inoculation with the pathogenic bacterium Ralstonia solanacearum and to high-temperature-high-humidity (HTHH) conditions were previously found to be coordinated by the transcription factors CaWRKY6 and CaWRKY40; however, the underlying molecular mechanism was unclear. Herein, we identified and functionally characterized CaHsfB2a, a nuclear-localized heat shock factor involved in pepper immunity to R. solanacearum inoculation (RSI) and tolerance to HTHH. CaHsfB2a is transcriptionally induced in pepper plants by RSI or HTHH and by exogenous application of salicylic acid (SA), methyl jasmonate (MeJA), ethylene (ETH), or abscisic acid (ABA). Virus-induced gene silencing (VIGS) of CaHsfB2a significantly impaired pepper immunity to RSI, hampered HTHH tolerance, and curtailed expression of immunity-and thermotolerance-associated marker genes such as CaHIR1, CaNPR1, CaABR1, and CaHSP24. Likewise, transient overexpression of CaHsfB2a in pepper leaves induced hypersensitive response (HR)-like cell death and H 2 O 2 accumulation and upregulated the above-mentioned marker genes as well as CaWRKY6 and CaWRKY40. Chromatin immunoprecipitation (ChIP) and microscale thermophoresis (MST) analysis revealed that CaHsfB2a bound the promoters of both CaWRKY6 and CaWRKY40. In a parallel experiment, we determined by ChIP-PCR and MST that CaHsfB2a was regulated directly by CaWRKY40 but indirectly by CaWRKY6. Cumulatively, our results suggest that CaHsfB2a positively regulates plant immunity against RSI and tolerance to HTHH, via transcriptional cascades and positive feedback loops involving CaWRKY6 and CaWRKY40.
Introduction
Plants are frequently exposed to various biotic and abiotic stresses, individually and in some cases collectively. Pathogen attacks and high-temperature-high-humidity (HTHH) conditions are one of the most frequently co-occurring combinations of stressors. Moderate HTHH might not damage a plant directly but may promote the development of pathogens (Fujita et al. 2006) , attenuate plant immunity (Jambunathan et al. 2001 , Yoshioka et al. 2001 , Xiao et al. 2003 , Wang et al. 2005 , Wang et al. 2009 ), also increase disease resistance mediated by certain R genes (Carter et al. 2009 , Webb et al. 2010 , thereby modulate the plant's response to pathogens. Plant immunity and tolerance to heat stress have been intensively studied in the past decades, and accumulating data from transcriptome and functional genomics studies indicate that plant immunity or heat shock responses (HSRs) (Huang et al. 2016 , Zhao et al. 2018 are largely regulated at the transcriptional level through the action of various transcription factors (TFs). These TFs are interconnected, forming transcriptional regulatory networks (Tsuda and Somssich 2015 , Garner et al. 2016 , Noman et al. 2018 ) with enormous regulatory potential for finetuning and activating appropriate defense reactions (Moore et al. 2011 , Hillmer et al. 2017 . However, the roles of individual TFs in the plant's coordinated responses to different stresses or stress combinations, and the ways that TFs are integrated into transcription networks remain to be elucidated.
Heat shock factors (HSFs) are a collection of proteins containing a conserved DNA binding domain (DBD) composed of a helix-turn-helix motif and an adjacent hydrophobic heptad repeat oligomerization domain (HR-A/B) (Mackey and McFall 2006) near the N-terminus, an activation domain (AD) near the C-terminus, a nuclear localization signal domain (NLS), and a nuclear export signal (NES) domain (Jones and Dangl 2006, Hein et al. 2009 ). HSFs act as TFs, binding heat shock elements (HSEs) in the promoters of their targeted genes and transcriptionally modulating the expression of these genes Katagiri 2010, Dong et al. 2015) . HSEs have an inverted repeat region containing a varying number of repeats of the DNA sequence 5 0 -nGAAnnTTCnnGAAn-3 0 (Eulgem et al. 2004 , Eulgem 2005 , AbuQamar et al. 2006 . By genome-wide assays, 25 HSF-encoding genes in pepper (Capsicum annuum) (Guo et al. 2015) , 26 in tomato (Solanum lycopersicum) , 25 in rice (Oryza sativa) and 22 in Arabidopsis thaliana (Guo et al. 2008 ) have been identified. These HSFs can be classified into three types (classes A, B, and C) on the basis of the flexible linkers between the A and B parts of the HR-A/B regions and the sequence regions between the DBD and HR-A/B regions (Wang et al. 2004 , Mittler et al. 2012 , Goossens et al. 2017 . Typically, HSFs have been found to play roles in thermotolerance, by regulating the transcription of genes encoding heat shock proteins (HSPs) during the heat shock response (HSR) (Clarke et al. 2009 , Sharma and Laxmi 2015 , Verma et al. 2016 . However, the roles of HSFs in the plant's response to other stresses, including pathogen immunity (Dat et al. 1998 , Larkindale and Huang 2004 , Moore et al. 2011 , Bhattacharjee et al. 2013 , Guo et al. 2016 , drought (Ren et al. 2010 , Zou et al. 2010 , salinity (Li et al. 2013) , and dehydration conditions (Hu et al. 2009 ), remain to be elucidated (Jiang et al. 2012 , Shen et al. 2015 . Some HSFs, such as HEAT SHOCK TRANSCRIPTION FACTORA1b, confer enhanced water productivity, resistance to drought and basal disease resistance (Guo et al. 2016) , suggesting a role of HSFs in coordinating the plant's response to multiple stresses. However, most HSF family members remain functionally uncharacterized.
WRKY proteins constitute one of the largest transcription factor families. The members of this family are characterized and named for their one or two WKRY domains, which are around 60 amino acids in length and are defined by the conserved amino acid sequence WRKYGQK at their N-terminal end, together with a novel zinc-finger-like motif (Kotak et al. 2007a , b, Guo et al. 2015 . WRKYs can be classified into three main groups based on the number of WRKY domains and the structure of the zinc-finger motifs (Waters 2012) . Typically, the WRKY TFs preferentially bind to the cognate W-box (TTGACC/ T) present in the promoters of their target genes. WRKY TFs in different plant species participate in plant growth, development, and the response to biotic and abiotic stresses (Rushton et al. 2010 , Banerjee and Roychoudhury 2015 , Phukan et al. 2016 , Amorim et al. 2017 , Jiang et al. 2017 . Members of the family play roles in both repression and de-repression of important plant processes (Kotak et al. 2007b , Li et al. 2014 . Accumulating data show that subsets of WRKY TFs might be involved in a single plant biological process, comprising WRKY networks (Zhang et al. 2016 , Zhu et al. 2016 . On the other hand, a single WRKY TF might be involved in regulating several apparently disparate processes, suggesting that it may coordinate multiple plant biological processes . However, the coordinated functions of WRKY TFs in networks mediating multiple plant biological processes, and how these networks integrate with other kind of TFs, remain poorly understood.
Pepper, a Solanaceaes vegetable of great agricultural importance, is grown in the subtropical and tropical highlands, where it is exposed to various soil-borne pathogens. Ralstonia solanacearum, the causal agent of bacterial wilt disease, ranks among the most devastating pathogens in Solanaceaes crops including pepper (Noman et al. 2018) . The bacterium attacks plant by penetrating the root system and proliferating in xylem tissue. The growth, development, and pathogenicity of R. solanacearum are generally enhanced by HTHH, and the bacterium exhibits high pathogenicity at temperatures as high as 37 C, implying that the resistance of pepper to RSI is closely related to its response to HTHH. Our previous studies showed that CaWRKY6 (Cai et al. 2015) , CaWRKY27 (Dang et al. 2014) , CaWRKY40 , and CaWRKY58 ) are implicated in the pepper plant's response to RSI or HTHH, with CaWRKY6 transcriptionally regulating CaWRKY40 as part of a positive transcriptional cascade. The present study indicates that CaHsfB2a is interconnected with CaWRKY6 and CaWRKY40, acting as a positive regulator in the pepper plant's response to both RSI and HTHH.
Results

Cloning and sequence analysis of CaHsfB2a
No HSF has been reported to play a role in the pepper plant's response to RSI or HTHH. To investigate the possible involvement of HSFs in coordinating the pepper plant's responses to RSI and HTHH, we focused on one HSF with a subset of cis elements within its promoter region (http://peppergenome. snu.ac.kr). These cis elements include the W-box (which is recognized by WRKY TFs) as well as the TGACG motif, ABAresponsive element (ABRE), and ethylene-responsive-element (ERE) that putatively control responses to methyl jasmonate (MeJA), abscisic acid (ABA) and ethylene respectively, all of which have been implicated in the regulation of plant responses to biotic or abiotic stress ( Supplementary Fig. S1A) .
Using a cDNA library derived from R. solanacearum-inoculated plants of the pepper inbred line CM334 as template and specific primers, we amplified the cDNA fragment of the targeted HSF which is 1,059 bp in length and contains a 981 bp open reading frame (ORF). Its deduced amino acid sequence is 326 amino acids long and contains a conserved, 'LpkyFKHnNfSSFVRQLNtYgFRKV' HSF domain. This sequence places the protein in HSF class B, and its isoelectric point and molecular weight are 5.03 and 36.36 kDa, respectively. It shares 99.4% amino acid sequence identity with its homologues in Capsicum annuum (XP_016564681.1), Capsicum baccatum (PHT53111.1), and Capsicum chinense (PHU22967.1), and 75%, 73%, 72%, 57%, 61%, 54%, 49%, and 48% amino acid sequence identity with its homologues in Solanum lycopersicum (XP_004234371.1), Solanum tuberosum (XP_015166754.1), Nicotiana tabacum (XP_016505355.1), Sesamum indicum (XP_011076201.1), Coffea canephora (CDP21507.1), Glycine max (NP_001304383.2), Brassica napus (XP_013723399.1), and Arabidopsis thaliana (AT5G62020), respectively ( Supplementary  Fig. S1B, C) . We designated this protein CaHsfB2a, reflecting the species name C. annuum and HSF class B.
Subcellular localization of CaHsfB2a
Online sequence analysis (https://www.genscript.com/wolfpsort.html) revealed an NLS in the deduced amino acid sequence of CaHsfB2a, implying that the protein is targeted to the nucleus. This possibility was confirmed by subcellular localization analysis of CaHsfB2a using a CaHsfB2a-GFP fusion transiently overexpressed in Nicotiana benthamiana. After infiltrating GV3101 cells containing 35S::CaHsfB2a-GFP or 35S::GFP (control) into N. benthamiana leaves, we observed GFP signals by laser scanning confocal microscopy (LSCM) at 48 hours post inoculation (hpi). GFP signals were found exclusively in the nuclei of mesophyll cells, as revealed by staining with DAPI(an indicator of DNA). By contrast, in cells overexpressing 35S::GFP, the GFP signals occurred throughout the cell, including the plasma membrane, cytosol and nucleus (Fig. 1) .
Assay of transcriptional activity of CaHsfB2a
Heat shock factors have been implicated in plant thermotolerance and immunity as transcription factors binding to HSE within the promoters of their target genes (Scharf et al. 1990 , Kumar et al. 2009 ). To test whether CaHsfB2a act as transcription factor, its transcriptional activity was assayed by co-infiltration of GV3101 cells containing effector vector 35S::CaHsfB2a and cells containing reporter vector HSE-p35Score::GUS/35S (core promoter of CMV35S of 84 bps in length) or HSEm-p35Score::GUS/35S into leaves of Nicotiana benthamiana plants. The transcriptional activity was measured by the histochemical staining of GUS. As shown in Supplementary Fig. S2A , B, GUS expression driven by HSE-35coreP was induced by transient overexpression of CaHsfB2a, while that driven by HSEm-p35Score did not express, indicating that CaHsfB2a exhibits transcriptional activity in a HSE-dependent manner.
CaHsfB2a transcript increases in pepper leaves exposed to HTHH, RSI or exogenous SA, MeJA, ETH or ABA
The presence of immunity-or defense-reaction-associated cis elements, including the TGACG motif (Zander et al. 2012 , Rabara et al. 2013 , ERE-box (Nishizawa-Yokoi et al. 2009 ), ABRE-box (Guo et al. 2016 ) and W-box (Scharf et al. 2012 , Qu et al. 2013 , Stratonovitch and Semenov 2015 , in the promoter region of CaHsfB2a implies that the gene product may be involved in responses to pathogen infection or abiotic stresses. To test this possibility, we assayed the transcript levels of CaHsfB2a in pepper plants challenged with HTHH or RSI, as compared to that in mock treated plants by quantitative real time PCR (qRT-PCR). After the plants were inoculated with a highly virulent R. solanacearum strain, FJC100301, the transcript levels of CaHsfB2a were upregulated significantly at 12, 24 and 36 hpi, and they were likewise upregulated by HTHH at 6, 12 and 24 hours post treatment (hpt) ( Supplementary Fig. S3A, B) . In a separate experiment, we cloned 2,000 bp of the CaHsfB2a promoter into the pMDC163 vector, transformed the resulting construct into GV3101, and infiltrated the cells containing the resulting pCaHsfB2a::GUS construct into N. benthamiana leaves. When we challenged the leaves with RSI or HTHH, the infiltrated leaves exhibited enhanced GUS (b-glucuronidase) activity against RSI or HTHH at 48 hpi or hpt, respectively ( Supplementary Fig. S3C ).
In addition, the transcript levels were also found to be induced by exogenous application of MeJA, ETH, SA or ABA. SA treatment resulted in significantly increased transcript levels of CaHsfB2a at 6-24 hpt, with a peak at 12 hpt ( Supplementary  Fig. S3D ). After MeJA treatment, CaHsfB2a transcript levels increased significantly from 6 hpt to 12 hpt, with the highest level at 6 hpt ( Supplementary Fig. S3E ). After either ETH or ABA treatment, CaHsfB2a transcript levels increased significantly from 6 hpt to 24 hpt, with the highest levels at 24 hpt ( Supplementary Fig. S3F , G). Together, these data indicate that CaHsfB2a might participate in the pepper plant's response to HTHH or RSI regulated by signaling synergistically mediated by SA, MeJA, ETH and ABA.
Silencing of CaHsfB2a enhances pepper RSI resistance and HTHH tolerance
To investigate the possible role of CaHsfB2a in pepper plant response to RSI or HTHH, we carried out loss-of-function analysis by virus-induced gene silencing (VIGS) using a 300 bp fragment from the 3 0 UTR of CaHsfB2a. We further confirmed the specificity of this fragment through a whole-genome search (http://passport.pepper.snu.ac.kr). We then mixed GV3101 cells containing PYL192 and TRV::CaHsfB2a or TRV::00 at a 1:1 ratio and infiltrated the mixture into the leaves of 2 weekold pepper seedlings. The silencing process was monitored by TRV::PDS pepper plants ( Supplementary Fig. S4 ). We assayed the transcription of CaHsfB2a by qRT-PCR and found that at 20 days post inoculation (dpi), the transcript level of CaHsfB2a in R. solanacearum-inoculated TRV::CaHsfB2a pepper plants was around 15%-30.0% of that in HTHH treated or R. solanacearum-inoculated TRV::00 plants (with FJC100301 cells by root irrigation) (Fig. 2A, B) . To confirm the specificity of the silencing of CaHsfB2a, the transcript abundance of CaHsfB2b and CaHsf8, two HSF members from pepper exhibiting the highest sequence similarity to CaHsfB2a, were assayed by qRT-PCR in TRV::CaHsfB2a and TRV::00 plants, the results showed that there was no significant difference in the transcript levels of the tested genes between TRV::CaHsfB2a and TRV::00 plants ( Supplementary Fig. S5A , B, C, D), indicating that silencing of CaHsfB2a had no effect on the expression of CaHsfB2b or CaHsf8 and the silencing of CaHsfB2a by VIGS is specific.
We next inoculated the TRV::CaHsfB2a and TRV: 00 pepper plants with the same amount of R. solanacearum FJC100301 cells by root irrigation. At 14 dpi, we observed a clear wilting phenotype in the majority of FJC100301-inoculated TRV::CaHsfB2a pepper plants but only slight wilting in TRV::00 pepper plants ( Fig. 2C ; Supplementary Table S2 ). To accurately quantify the extent of disease in R. solanacearuminoculated plants, we determined the relative disease indices from 1 to 8 dpi in both TRV::CaHsfB2a and TRV::00 pepper plants, as well as the colony-forming units (cfu) of the pathogen at 72 and 120 hpi. TRV::CaHsfB2a pepper plants exhibited a higher disease index and higher growth of R. solanacearum than TRV::00 plants (Fig. 2D, E ). In addition, we also tested the effect of CaHsfB2a silencing on pepper plant response to HTHH. When the TRV::CaHsfB2a and TRV::00 pepper plants were exposed to 39 C and 90% humidity, we observed a clearly more damaged phenotype in TRV::CaHsfB2a plants compared to TRV::00 pepper plants (Fig. 2F) .
To further confirm the above phenotypic results, we measured the transcript abundances of defense-and thermotolerance-related marker genes, including CaHIR1, CaABR1, CaNPR1 and CaHSP24, in pathogen-or HTHH-challenged TRV::CaHsfB2a and TRV::00 pepper plants by qRT-PCR. The results showed that the relative transcription levels of these tested marker genes were significantly downregulated by silencing of CaHsfB2a in pepper plants challenged by RSI or HTHH ( Fig. 3A-D ).
Transient overexpression of CaHsfB2a induces cell death and defense-related genes expression in pepper plants
To confirm that CaHsfB2a acts as a positive regulator in pepper's defense response to R. solanacearum inoculation and tolerance to HTHH, we transiently expressed CaHsfB2a in pepper leaves by infiltration with Agrobacterium GV3101 cells carrying 35S::CaHsfB2a or 35S::00 (used as control). The success of CaHsfB2a expression was detected by qRT-PCR with specific primer pair (Supplementary Table S1 ) and immunoblotting with antibodies of HA, the results indicate that CaHsfB2a expressed successfully ( Supplementary Fig. S6A , B). As shown in Fig.4A and B, transient overexpression of CaHsfB2a triggered an obvious cell death response after 4 dpi that did not occur in the leaves of control plants. We assessed HR cell death by trypan blue staining to identify necrotic cells and found that transient overexpression of 35S::CaHsfB2a induced a distinct necrotic response in pepper leaves, whereas leaves infiltrated with agrobacterium GV3101 cells containing the empty vector (mock transfected) showed only a weak HR-mediated necrotic response. In parallel, we also measured ion leakage to analyze the severity of cell necrosis caused by plasma membrane damage in leaves expressing 35S::CaHsfB2a, and found more ion leakage at both 24 and 48 hpi in pepper leaves agro-infiltrated with 35S::CaHsfB2a as compared to 35S::00 (Fig. 4C) . We also assessed hydrogen peroxide (H 2 O 2 ) production in pepper leaves by DAB staining and detected visible staining in the leaves transiently overexpressing 35S::CaHsfB2a, but not in those infiltrated with GV3101 cells containing the empty vector (Fig. 4B) . To test if transient overexpression of CaHsfB2a could alter defense-related genes in pepper plants, we also examined the transcript abundances of defense-related genes including CaHSP24, CaHIR1, CaABR1and CaNPR1. These results showed that the relative transcription levels of these defense-related genes in plants were increased by transient overexpression of CaHsfB2a (Fig. 4D) . 
CaWRKY6 and CaWRKY40 are direct targets of CaHsfB2a
Our previous studies showed that CaWRKY6 and CaWRKY40, which act as positive regulators in coordinating the response of pepper to RSI and HTHH by our reported studies , Cai et al. 2015 . As CaHsfB2a shared similar transcriptional response to RSI or HTHH with that of CaWRKY6 and CaWRKY40, and phenocopied with CaWRKY6 and CaWRKY40 during pepper response to RSI or HTHH. In addition, a typical HSE was found within the promoters of CaWRKY6 and CaWRKY40. All these data implied that CaWRKY6 or CaWRKY40 might be transcriptionally modulated by CaHsfB2a. To test this hypothesis, we examined the transcript abundance of CaWRKY6 and CaWRKY40 in CaHsfB2a transiently overexpressing and control plants. The results showed that both CaWRKY6 and CaWRKY40 were upregulated by transient overexpression ofCaHsfB2a (Fig. 5A ), but transcript level of CaWRKY58, which act as a negative regulator in pepper response to RSI , was not affected by transient overexpression (data not shown). By contrast, the silencing of CaHsfB2a significantly downregulated the transcript levels of CaWRKY6 and CaWRKY40 in either the HTHH or RSI challenged or non-challenged pepper plants (Fig.5B, C) . As the promoters of CaWRKY6, CaWRKY40 and CaWRKY58 each contained an HSE cis-element in their promoter region it seemed possible that the three genes were direct targets of CaHsfB2a. To test this possibility, we performed ChIP-PCR using the DNA collection derived from pepper leaves transiently overexpressing CaHsfB2a-HA and immuno-precipitated with antibodies to HA. The results showed that the primer pairs specific for the HSE-containing fragments within the promoters of CaWRKY6 and CaWRKY40 produced clear bands, while the primer pairs specific for the HSE-free fragments within the promoters of the two genes or primer pair specific for the HSEcontaining fragments within the promoter of CaWRKY58 did not (Fig. 6A-D) . To further confirm this result, the bindings of CaHsfB2a to the promoter of CaWRKY6, CaWRKY40 and CaWRKY58 were tested by microscale thermophoresis (MST) assay, the CaHsfB2a-GFP was transiently overexpressed in pepper leaves and the protein was isolated at 24 hpi, the fused CaHsfB2a-GFP was immunoprecipitated and purified. By MST in solution, HSE containing DNA promoter fragments of CaWRKY6, CaWRKY40 and CaHsfB2a-GFP produced clear binding curves, whereas HSE containing DNA promoter fragments of CaWRKY58 or HSEm containing control DNA fragment and CaHsfB2a-GFP did not produce binding curve (Fig. 6E, F) . All these results indicating that both CaWRKY6 and CaWRKY40 are direct targets of CaHsfB2a and are directly positively regulated by CaHsfB2a.
CaHsfB2a is transcriptionally regulated directly by CaWRKY40 but indirectly by CaWRKY6
As CaWRKY6 and CaWRKY40 are directly regulated by CaHsfB2a and feedback loop have been frequently found to be exist in plant defense signaling (Shah 2003 , Chico et al. 2008 , Cai et al. 2015 ). Importantly, CaHsfB2a was found to be one of the potential targets of CaWRKY40 by ChIP-seq (our unpublished data). So, it can be speculated that CaHsfB2a might also be regulated by CaWRKY6/CaWRKY40 transcriptional cascade. To test if this possible, we employed a comprehensive approach consisting of transient overexpression and gene silencing by VIGS. The success of CaWRKY6 and CaWRKY40 transient overexpression at mRNA and protein levels were confirmed by qRT-PCR and western blot assay, respectively ( Supplementary Fig. S6B , C, D, E). The results showed that the transcript abundance of CaHsfB2a was significantly upregulated by both transient overexpression of CaWRKY6 and CaWRKY40 (Fig. 7A) . Using the CaWRKY6 or CaWRKY40 silencing and TRV::00 pepper plants, it was found that transient overexpression of CaWRKY6 increased the transcript level of CaHsfB2a in TRV::00 plants, to a level significantly higher than that in the TRV::CaWRKY40 plants transiently overexpressing CaWRKY6, suggesting that both CaWRKY6 and CaWRKY40 modulate the transcription of CaHsfB2a positively, and the silencing of CaWRKY40 blocked the transcriptional upregulation of CaHsfB2a by CaWRKY6 (Fig. 7B) . All these data suggesting that both CaWRKY6 and CaWRKY40 modulate the transcription of CaHsfB2a positively and the silencing of CaWRKY40 blocked the transcriptional upregulation of CaHsfB2a by CaWRKY6.
Using the CaWRKY6 silenced pepper plants by VIGS, we also assayed the effect of this silencing in combination with transient overexpression of CaWRKY40 on the transcription of CaHsfB2a in TRV::CaWRKY6 plants. The results showed that transcript levels of CaHsfB2a were downregulated by CaWRKY6 silencing, but upregulated by transient overexpression of CaWRKY40, compared to that in the control plants. However, there was no significant difference between the CaHsfB2a transcript levels in TRV::00 plants transiently overexpressing CaWRKY40 and in TRV::CaWRKY6 plants transiently overexpressing CaWRKY40 (Fig. 7C) , indicating that the silencing of CaWRKY6 did not alter the effect of transient CaWRKY40 overexpression on the transcription of CaHsfB2a.
To test if CaHsfB2a is directly regulated by CaWRKY6 or CaWRKY40, we performed ChIP-PCR using the DNA collection derived from pepper plants transiently overexpressing CaWRKY6-HA or CaWRKY40-HA, using antibodies to HA for immunoprecipitation. The results showed that a primer pair specific to the W-box-containing fragment within the promoter of CaHsfB2a produced a clear band in DNA derived from plants transiently overexpressing CaWRKY40-HA, but not from those transiently overexpressing CaWRKY6-HA (Fig. 8A-C) , indicating that CaHsfB2a is a direct target of CaWRKY40 but is not a target of CaWRKY6. In addition, the binding of CaWRKY40 to the Wbox containing 30 bp promoter fragment of CaHsfB2a was further confirmed by MST. For MST assay, the CaWRKY6-GFP or CaWRKY40-GFP was transiently overexpressed in pepper leaves and the proteins was isolated at 24 hpi, the GFP fused proteins were immunoprecipitated with antibodies of GFP and purified. By microscale thermophoresis (MST) in solution, the W-box containing DNA fragment of CaHsfB2a produced clear binding curve with CaWRKY40 (Fig. 8D) , but not to CaWRKY6 (Fig. 8D) . All these data suggest that CaHsfB2a is directly and transcriptionally modulated by CaWRKY40 but indirectly by CaWRKY6.
Discussion
Bacterial wilt caused by R. solanacearum is generally augmented by exposure to high temperature and high humidity in pepper and other Solanaceae crops, indicating that the responses of pepper to R. solanacearum and to HTHH are closely related (Noman et al. 2018) . Since plant immunity is largely regulated at the transcriptional level through the action of a subset of TFs, the identification and functional characterization of TFs that act as regulators in coordinating the pepper plant's responses to RSI and HTHH is a feasible approach to elucidate the molecular mechanism underlying pepper resistance to RSI under HTHH . In the present study, we provide evidence that CaHsfB2a acts as a positive regulator that coordinates the pepper plant's response to RSI and to HTHH by forming transcriptional cascades and positive feedback loops with CaWRKY6 and CaWRKY40.
The presence of putative biotic-and abiotic-stress responsive cis-elements, including the TGACG motif, ABRE, ERE, TCrich repeats and W-box, in the promoter of CaHsfB2a is consistent with the data indicating that CaHsfB2a was up-regulated The distribution of cis-acting elements and fragments for specific primer design on the promoter of CaWRKY6 (Left) and CaWRKY40 (Right); (B) ChIP assay showed that the HSE containing promoter of CaWRKY6 was bound by CaHsfB2a; (C) ChIP assay showed that the HSE containing promoter of CaWRKY40 was also bound by CaHsfB2a. (D) ChIP assay showed that the HSE containing promoter of CaWRKY58 was not bound by CaHsfB2a. pHSE-F and pHSE-R, specific primer pair based on the fragments containing HSE within the promoter of CaWRKY6 or CaWRKY40, pCK-F and pCK-R, specific primer pair of the HSE free fragment within the promoter of CaWRKY6 or CaWRKY40. (E)-(F) The determination of CaHsfB2a binding to HSE containing promoter fragment of CaWRKY6, CaWKRY40 or CaWRKY58 by MST in solution, the concentration of CaHsfB2a-GFP is kept at 100mM, while the DNA fragment containing HSE or mHSE varied from 24 mM to 0.7 nM. The binding curve yields a Kd of 1.7492E-8 and 1.2329E-07 for the binding of CaHsfB2a to the HSE containing promoter fragments of CaWRKY6(CaWRKY6HSE) and CaWRKY40(CaWRKY40HSE), respectively, while CaHsfB2a to the HSE containing promoter fragment of CaWRKY58(CaWRKY58HSE) or the HSEm containing promoter fragment of CaWRKY6(CaWRKY6HSEm), CaWRKY40(CaWRKY40HSEm) or CaWRKY58(CaWRKY58HSEm) did not produce any binding curve. HSEm: mutant HSE.
by R. solanacearum inoculation or exposure to HTHH. This implies that CaHsfB2a might play a role in the pepper plant's response to RSI or HTHH. The data from our VIGS analysis showed that the silencing of CaHsfB2a in pepper plants enhanced the susceptibility of pepper plants to RSI and was accompanied by down regulation of immunity-associated marker genes, including CaHIR1, CaABR1 and CaNPR1, in R. solanacearum-inoculated pepper plants and enhanced growth of R. solanacearum. In addition, the silencing of CaHsfB2a impaired pepper plant tolerance of HTHH and was accompanied by down regulation of CaHSP24 in HTHH-treated pepper plants. By contrast, the transient over-expression of CaHsfB2a activated the transcription of CaHIR1, CaABR1, CaNPR1 and CaHSP24 as well as hypersensitive response (HR) mimic cell death and H 2 O 2 accumulation, manifested by darker trypan blue and DAB staining compared to that in the mocktransfected plants. These data collectively suggest that CaHsfB2a is a positive regulator of the pepper plant's response to RSI and to HTHH. It has been reported that, by recognizing and binding HSE within the promoters of these target genes, HSFs are mainly implicated in plant thermo-tolerance (Rensing et al. 2008 , Kumar et al. 2009 , Qu et al. 2013 , Cai et al. 2015 , Feng et al. 2017 ) through transcriptional regulation of HSP genes (Chakravarthy et al. 2010 , Sarkar et al. 2014 or other thermo-tolerance associated genes, such as that encoding ascorbate peroxidase (Ishihama et al. 2011 ). In addition, HSFs have also been found to be involved in the regulation of plant immunity Baldwin 2001, Kessler et al. 2004) . Some HSFs play roles in the coordination of plant immunity and response to other stresses such as drought (Kessler et al. 2004) . Our data in the present study indicate that CaHsfB2a acts as transcription factor exhibiting transcriptional activity in a HSE dependent manner and a regulator that coordinates the pepper plant's response to RSI and HTHH.
It is common for a subset of TFs to be involved in plant response to single stresses (Flores-Cruz and Allen 2009). For example, bHLH87, ERF014, WRKY21 and HSF are up-regulated by powdery mildew attack in pumpkin (Guo et al. 2015) . Several TF gene families involved in defense were targeted by WRKY33. In total, WRKY33 binding was found at 133 TF gene loci, with members of the AP2/ERFs, MYBs, WRKYs, and NACs families predominant among these (Guo et al. 2015) . Transcription factors involved in the same biological process might form transcriptional cascades or networks (Tamura et al. 2011 . Our previous studies indicate that CaWRKY6, CaWRKY40, CabZIP63 and CaZNF830 act as positive regulators in coordinating the pepper plant's response to HTHH and RSI (Livak and Schmittgen 2001 , Dang et al. 2014 , Cai et al. 2015 , Noman et al. 2018 , with CaWRKY6 and CabZIP63 acting upstream of CaWRKY40 by directly binding its promoter in a Wbox-dependent manner (Cai et al. 2015 , Ni et al. 2016 ). Our present study showed that silencing of CaHsfB2a downregulated the expression of CaWRKY40, whereas its transient over-expression up-regulated the expression of both CaWRKY6 and CaWRKY40, and that the HSE-containing promoters of CaWRKY6 and CaWRKY40 were bound by CaHsfB2a, as indicated by results from ChIP and MST assay. On the other hand, transient overexpression of CaWRKY6 and CaWRKY40 significantly upregulated the expression of CaHsfB2a, the silencing of CaWRKY6 or CaWRKY40 by VIGS significantly downregulated the transcript abundance of CaHsfB2a, and the silencing of CaWRKY40 blocked the upregulation of CaHsfB2a by CaWRKY6. In addition, the promoter of CaHsfB2a was found Fig. 8 The W-box-containing promoter of CaHsfB2a is directly bound by CaWRKY40 but not by CaWRKY6.The distribution of cis-acting elements and fragments for specific primer design on the promoter of CaHsfB2a; (B) ChIP assay showed that the W-box-containing promoter of CaHsfB2a is not bound by CaWRKY6. C) ChIP assay showed that W-box-containing promoter of CaHsfB2a is bound by CaWRKY40. pW-F and pW-R, specific primer pair based on the fragments containing the W-box within the promoter of CaHsfB2a; pCK-F and -R, specific primer pair of the W-box-free fragment within the promoter of CaHsfB2a. (D) Interaction of CaWRKY40 with the W-box containing promoter fragment of CaHsfB2a by microscale thermophoresis in solution. The concentration of CaWRKY6-GFP or CaWRKY40-GFP was kept at 100mM, while the DNA fragment containing WB or WBm varied from 24 mM to 0.7 nM. The binding curve yields a Kd of 2E-7 for the binding of CaWRKY40-GFP to the WB containing promoter fragment of CaHsfB2a (CaHsfB2aWB), whereas no binding curve was produced between CaWRKY40-GFP and WBm containing DNA fragment or between CaWRKY6-GFP and WB/WBm containing promoter fragment of CaHsfB2a (CaHsfB2a WB/WBm). WB: Wbox, WBm: mutant W-box. to be directly targeted by CaWRKY40 by ChIP and MST assays. All of these data suggest that CaHsfB2a forms a transcriptional cascade with CaWRKY6 and CaWRKY40 in which CaHsfB2a is positively and directly modulated by CaWRKY40, but is indirectly regulated by CaWRKY6, probably via CaWRKKY40. Since the silencing of CaWRKY40 blocked the upregulation of CaHsfB2a by CaWRKY6. This is consistent with our previous study indicating that CaWRKY40 is directly transcriptionally regulated by CaWRKY6 (Cai et al. 2015) . The results of the present study also indicate that positive feedback loops exist among CaWRKY6, CaWRKY40, and CaHsfB2a during the pepper plant's response to RSI or HTHH. Similar positive feedback loops have frequently been found in plant immunity and thermotolerance (Hwang and Hwang 2011 , Liu et al. 2015 , where they may be required to amplify the immune reaction and thermotolerance.
Hormones such as SA, JA and ET play important roles in plant immune signaling networks, with SA originally believed to be involved in plant response to biotrophic pathogens, and JA and ET in response to necrotrophic pathogens . However, it has been recently found that the production of SA, JA and ET are generally coupled with production of effectortriggered or PAMP-triggered immunity (ETI or PTI) (Cai et al. 2015) . They can act either synergistically or antagonistically during defense signaling depending on their concentrations (Cai et al. 2015 . Synergistic relationships among the three signaling components have been found in PTI and compensatory relationships among the sectors have been found in ETI . CaWRKY40 is regulated by signaling synergistically mediated by SA, JA and ET. Similar to CaWRKY40, CaHsfB2a was also synergistically regulated by exogenous application of SA, JA and ET. This indicates that CaHsfB2a might be regulated by signaling synergistically mediated by SA, JA and ET in the response of pepper to RSI as well as to HTHH, since these three hormones have also been implicated in signaling involved in plant response to heat stress (Liu et al. 2008 , Nishizawa-Yokoi et al. 2009 , Scharf et al. 2012 . Another hormone, ABA, has been found to act as a master hormone in the regulation of heat stress response (Rensing et al. 2008 , Scharf et al. 2012 , Guo et al. 2016 and also in plant immunity as a negative (Kotak et al. 2007b , Sun et al. 2011 , Verdier et al. 2013 or positive regulator . Our data showed that CaHsfB2a was induced by exogenous application of ABA. An immunity-associated gene, CaABR1, encodes a positive regulator in pepper immunity (Noman et al. 2017) and was up-regulated by transient overexpression of CaHsfB2a but downregulated by silencing of CaHsfB2a in pepper plants. This suggests that signaling mediated by ABA might positively regulate CaHsfB2a expression and therefore pepper thermo-tolerance and immunity against R. solanacearum.
Conclusion
The data in this study indicate that CaHsfB2a localizes to the nuclei, is up-regulated by HTHH or RSI, and confers enhanced immunity to R. solanacearum or tolerance to HTHH by activating immunity and thermotolerance related genes. The expression of CaHsfB2a is regulated by signaling synergistically mediated by SA, MeJA, ETH, and ABA, the protein function in transcriptional cascades and positive feedback loops involving CaWRKY6 as well as CaWRKY40.
Materials and Methods
Plant materials and growth conditions
Seeds of tobacco (Nicotiana benthamiana) and pepper (Capsicum annuum, inbred line 68-2) were obtained from tobacco and pepper breeding groups at Fujian Agriculture and Forestry University (FAFU), Fuzhou, Fujian, R.P. China. Surface sterilization of seeds was carried out. Seeds were sown in plastic trays, having sterilized soil mixture [the peat moss: perlite, with 2:1 (v/v) ratio]. These trays were transferred into a standard-growth-conditions room (SGCR) (60-70 mmol with photons m À2 s À1 , 70% relative humidity (RH), 16 h/8 h light/dark periods, 25 C). Germinated seedlings were transferred into plastic pots filled with the same soil mixture as above, placed in an SGCR and grown until the four-leaf stage before being used for further experiments.
Identification of homologs and orthologs of CaHsfB2a
CaHsfB2a (CA03g16300) protein sequence was used as query to WUBLASTP (https://www.arabidopsis.org/cgi-bin/wublast/wublast); BLASTP (http://www. ncbi.nlm.nih.gov), and protein sequences of potential Arabidopsis (AT5G62020) and highly similar homologs and orthologs in other plant species were collected, respectively. For further confirmation, we scanned all selected proteins at PROSITE (https://prosite.expasy.org/prosite.html.
CaHsfB2a promoter analysis and phylogenetic relationships
The promoter sequence data were obtained from the SGN website (https://solgenomics.net/tools/blast/). The promoter sequence was analyzed with PlantCARE software (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). DNAMAN5 (LynnonBiosoft, USA) was used for phylogenetic relationship.
Vector construction
To construct vectors for overexpression, the full length ORF of CaHsfB2a, CaWRKY6 or CaWRKY40 (with or without the termination codon) was cloned into the entry vector pDONR207 by BP reaction, and then cloned into different destination vectors including pEarleyGate103 (containing a GFP protein tag for subcellular localization) or pEarleyGate202 (containing a HA protein tag for ChIP analysis) by LR reaction using a gateway cloning technique (Invitrogen, Carlsbad, CA, USA). To construct vector for VIGS, a specific 300 bp fragment in the 3'UTR of CaHsfB2a was searched by BLAST against genome sequence in database of CM334 (http://peppergenome.snu.ac.kr/) and Zunla-1 (http://peppersequence.genomics.cn/page/species/blast.jsp). The specific fragment was cloned into the entry vector pDONR207, and then cloned into the pTRV2 vector.
R. solanacearum inoculation
Previously, the FJC10030 strain of R. solanacearum was isolated from a wilted pepper plant cultivated in Fujian Province, China, and preserved . FJC10030 strain was cultured in the SPA medium (5 g of tryptone, 20 g of sucrose, 200 g of potato, 3 g of beef extract, and 1 liter of ddH 2 O), overnight at 28 C in a shaker set at a speed of 200 rpm. Next, pathogen pellets were obtained by centrifugation at 28 C at 500 rpm and the supernatants discarded. Pathogen pellets were re-suspended in sterilized 10 mM MgCl 2 solution to obtain 10 8 cfu ml À1 (OD 600 = 0.8) cultured cell density. R. solanacearum inoculation was carried out with co-infiltration into the third leaf from the top of pepper plant by injecting 10 ml of re-suspended pathogen cells with 1 ml sterile syringe with the needle removed. The mock-treated plants were injected with sterilized MgCl 2 solution. Plants were kept in a chamber with 60-70 mmol photons m À2 s
À1
, 70% RH, 28 ± 2 C and 16 h/8 h period of light/dark. Silenced-CaHsfB2a-treated and mock-treated pepper plants were infected through the roots by making a small cut and inoculating it with pathogen, and were kept under conditions described above until a clear phenotype was observed. Samples for RNA extraction were harvested and stored at À80 C.
Plant treatment with foliar application of phytohormones and high-temperature and highhumidity
At the four-leaf stage, pepper plants were sprayed by 1 mM of SA (salicylic acid) or 100 mM of methyl jasmonate (MeJA) that dissolved in 10% ethanol and mock plants were sprayed by 10% ethanol. 100 mM of ABA (abscisic acid) or ETH (Ethephon, which is converted to ethylene by plant metabolism) dissolved in sterilized ddH 2 O, was used to spray same stage pepper plants as above and mock plants treated with sterilized ddH 2 O. High temperature and high humidity (HTHH) treatment was maintained at 39 C and 90% humidity. Eight-leafstage pepper plants were kept under these conditions while mock treatment consisted of 25 C and 50% humidity. Silenced-CaHsfB2a-treated and mocktreated pepper plants were kept under the same conditions as described above until a clear phenotype was observed. Samples of pepper leaves were harvested at different time points and stored at À80 C until RNA extraction.
Subcellular localization of CaHsfB2a
Agrobacterium cells (strain GV3101) harboring 35S::CaHsfB2a-GFP, or 35S::GFP as control, were streaked on solid selection media and grown overnight in an oven at 28 C. The selected clones were grown in liquid selection media until the required concentration (OD 600 = 0.8) was obtained. Bacterial cells pellets were obtained by centrifugation at 28 C at 600 rpm and the supernatant discarded. Pellets were re-suspended in infiltration media composed of 10 mM MES, 10 mM, MgCl 2 , pH 5.7, with 150 mM acetosyringone added. Bacterial suspensions were co-infiltrated into leaves of four-leaf-stage N. benthamiana plants with a 1 ml sterile syringe with the needle removed. After 48 h of infiltration, slides were prepared by cutting a small disc of leaves, and green fluorescent protein (GFP) fluorescence was examined under a laser-scanning confocal microscope (TCS-SP8, Leica, Solms, made in Germany) with a 488 nm excitation wavelength and 505-530 nm-bandpass emission filter.
Fluorometric GUS enzymatic assay
The fluorometric GUS enzymatic assay was designed by adapting an earlier protocol (Noman et al. 2018) for measuring GUS activity in pepper plant extracts.
VIGS of CaHsfB2a in pepper plants
For VIGS of CaHsfB2a in pepper plants, A. tumefaciens strain GV3101 harboring pTRV1 and pTRV2::CaHsfB2a or pTRV2:00 as a negative control (resuspended in the induction medium at 1:1 ratio, OD 600 = 0.6) were co-infiltrated into cotyledons of 2-week-old pepper plants. The detail process was carried out according to our previous studies , Cai et al. 2015 .
Transient overexpression of CaHsfB2a, CaWRKY6 and CaWRKY40 in pepper leaves
For transient overexpression analysis, agrobacterium cells (strain GV3101A) harboring a 35S: CaHsfB2a, 35S::CaWRKY6, 35S::CaWRKY40 (Cai et al. 2015) or 35S: 00 (empty) vector were grown overnight and then re-suspended in infiltration media composed of 10 mM MES and 10 mM MgCl 2 , pH 5.7, with 150 mM acetosyringone added. The bacterial suspensions were grown to OD 600 = 0.8 and infiltrated into the leaves of pepper plants at the eight-leaf stage using a 1 ml sterile syringe with the needle removed, and then samples of injected leaves were collected at the indicated time points for further use.
Quantitative real-time PCR
Quantitative real-time PCR (qRT-PCR) was performed to quantify the expression of CaHsfB2a and selected defense-related genes (Supplementary Table S1) in peppers, using a Bio-Rad (Foster City, CA, USA) Real-Time PCR System with the SYBR-Premix Ex.Taq-II System (TaKaRa). Total RNA extraction, cDNA synthesis and qRT-PCR were conducted as in our previous studies , Cai et al. 2015 and with three separate biological repeats. For data analysis, the Livak method was used (Livak and Schmittgen 2001) , and data were represented as the normalized relative expression level (2-ÁÁCT) of target genes, after normalization to the transcript levels of CaACTIN (GQ339766) as well as 18S rRNA (EF564281). Primers used for qRT-PCR analysis are listed in Supplementary Table S1 .
Histochemical staining
Leave staining with trypan blue and Diaminobenzidine (DAB) was used according to the method as described previously (Choi et al. 2012) , following the detail process by our previous studies , Cai et al. 2015 . The GUS histochemical assay was carried out with the substrate 5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc) (Jefferson 1987) .
Microscopy
Microscopic observations were conducted on trypan-blue-and DAB-stained samples under a light microscope (Leica, Wetzlar, Germany) to investigate in more detail HR, cell death and pepper plant resistance to stressors .
Ion leakage measurements
Ion leakage of infected pepper leaves was determined by a reported method (Hwang and Hwang 2011 ) with little change. Small (0.4 cm diameter) leaf discs were incised with a puncher, washed three times with sterilized ddH 2 O and quickly placed into 20 ml of ddH 2 O in a tube. These tubes were placed in a rotating shaker at 60 rpm at 25 C for 1 h. The electrical conductivity was measured with a conductivity meter (Mettler Toledo 326 Mettler, Zurich, Switzerland).
Chromatin immunoprecipitation analysis
ChIP assays were performed according to the protocol of Khan et al. (2018) . Three fully extended pepper leaves at the six-leaf stage were inoculated with agrobacteria harboring 35S: CaHsfB2a-HA, 35S: CaWRKY40-HA, 35S: CaWRKY6-HA or 35S: CaWRKY58-HA. The infiltrated leaves were harvested at 48 hpi and crosslinked with 1% of formaldehyde, and the chromatins were isolated and sheared into fragments of 300-500 bp length, and the DNA-protein complex was immunoprecipitated using anti-HA antibodies, and the DNAs were decrosslinked, purified and employed as template for PCR using specific primer pair of the fragment containing W-box or fragment without W-box within promoters of CaHsfB2a by semi-quantitative PCR using gene-specific primers (Supplementary Table S1 ).
Interaction of protein with promoter fragment by microscale thermophoresis (MST) in solution
The interaction of proteins (CaWRKY6, CaWRKY40, CaWRKY58 and CaHsfB2a) with the promoter fragment of a given gene was performed by MST (Zillner et al. 2012) . In this experiment, GFP in the fused protein TF-GFP was used as fluorescent label, and a fragment containing a W-box or HSE within the promoter of a given objective gene, which was amplified by PCR with a specific primer pair and further purified. The construction of promoter fragment containing mutant W-box or HSE was performed by a conventional overlapping PCR based on site-directed mutagenesis. These DNA fragments were used as the non-fluorescent molecules. The protein-DNA interactions were measured by following the method of our previous study (Qiu et al. 2018) . The NanoTemperAnalysis 1.2.20 software was used to fit the data and determine the apparent Kd values (Zillner et al. 2012 , Papageorgiou et al. 2016 ).
Immunoblot analysis
Protein extraction buffer was used to extract the total protein of pepper samples. At 4 C, total extracted protein was incubated together with anti-HA agarose (Thermo Fisher Scientific, Waltham, MA, USA) overnight. Beads were collected using a magnetic rack and washed three times with Tris-buffered saline and Tween-20 (0.05%). Eluted protein was examined by immunoblotting using anti-HA-peroxidase antibodies (Abcam, Cambridge, UK).
Supplementary Data
Supplementary data are available at PCP online.
